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Foreword

The U.S. Environmental Protection Agency is charged by Congress with
protecting the Nation’s land, air, and water resources. Under a mandate of national
environmental laws, the Agency strives to formulate and implement actions leading to a
compatible balance between human activities and the ability of natural systems to support
and nurture life. To meet this mandate, EPA’s research program is providing data and
technical support for solving environmental problems today and building a science
knowledge base necessary to manage our ecological resources wisely, understand how
pollutants affect our health, and prevent or reduce environmental risks in the future.

The National Risk Management Research Laboratory (NRMRL) is the Agency’s
center for investigation of technological and management approaches for preventing and
reducing risks from pollution that threatens human health and the environment. The
focus of the Laboratory’s research program is on methods and their cost-effectiveness for
prevention and control of pollution to air, land, water, and subsurface resources;
protection of water quality in public water systems; remediation of contaminated sites,
sediments and ground water; prevention and control of indoor air pollution; and
restoration of ecosystems. NRMRL collaborates with both public and private sector
partners to foster technologies that reduce the cost of compliance and to anticipate
emerging problems. NRMRL research provides solutions to environmental problems by:
developing and promoting technologies that protect and improve the environment;
advancing scientific and engineering information to support regulatory and policy
decisions; and providing the technical support and information transfer to ensure
implementation of environmental regulations and strategies at the national, state, and
community levels.

This publication has been produced as part of the Laboratory’s strategic long-term
research plan. It is published and made available by EPA’s Office of Research and
Development to assist the user community and to link researchers with their clients.

E. Timothy Oppelt, Director
National Risk Management Research
Laboratory
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Abstract

This report presents information on the cost of stormwater pollution control facilities in
urban areas, including collection, control, and treatment systems. Information on prior
cost studies of control technologies and cost estimating models used in these studies was
collected, reviewed, and evaluated. The collection phase involved identifying, screening,
and consolidating publications associated with capital costs of stormwater conveyance
systems and control technologies. The resulting data were evaluated to develop a critical
review of costs for urban stormwater control technologies, including identification of cost
information gaps and research needs.

v



Contents

FOTEWOIA ...ttt et e et e bt e et e et e s et e e beesabeenbeeenbeebeesnbeenneeans il
ADSTTACT ...ttt eh e et eh e e bt e bttt e e eht e et e e be e st e ebee e v
FRGUIES..... ettt ettt et et e et e e s at e et e e s et e e bt e ssteebeesabeenbeeenbeeneas vii
TADIES ..ttt bttt bt et a b bt et e st e bt et enteeneenaeenee viii
ACKNOWIEAZIMENL ...ttt ettt ettt e et e st e et e sate e bt e saaeeseesneeenne X
Chapter 1 INtrOQUCTION .....vvieiiiie ettt et e et e e et e e e eab e e e abeeetaeeeaseeessseesssseeensseensseeessens 1
Chapter 2 Cost Estimation Methods-Literature REVIEW..........ccocueieiiiieiiiieciieeieeeee e 2
2.1 Forms of the Cost EQUAtIONS.........ccoiiiiiiiiieiiieiieeie ettt et 2

2.1.1 Single explanatory variable...........ccocceoiriiniiiiniinii 2

2.1.2 Multiple explanatory variables ..........ccccceerieriieniieeiieiie e eve e eeve s 2

2.2 PIPE COSES. e ittt sttt ettt ettt et ettt et sa ettt 3

2.3 MANKNOLES ...ttt ettt ettt et h ettt h et et esae et 6

2.4 Other Sewer Pipe Related COoStS ......cccueviiriiriiriiiiieiereeieeeseeeeeese et 7

2.5 StOTAEE COSS ..uvreeiuiiieiiieeiiieeriteerteeesteeereteeestteeetbeeesreeesaseessseesnsseessseeenseeessnessnseesnnns 7

2.6 MUultipurp0oSe FaCIIITIES .....cueeiuiiiiiiiiieiie ettt st e 7

2.7 Integrated APPrOACRES ......cc.eecvieiiiiiiieiieeit ettt ettt e e sae e e e s sbeesaenaseas 8

2.8 Process-Oriented APPIroaChes........cocuieuiiiiiiiiiiiiieiieeit ettt 9

2.9 Stormwater Cost OPtIMIZATION ......cc.eeeveeriieeirieeiieeieerieeieeeeeeteeereesseesseesseeeseesseesnseas 9

2.10 Summary and CONCIUSIONS .....c...cceeriiriiriiniirieritee et 11
Chapter 3 Cost Estimates for Stormwater SYStEmMS .......c..eeecuvieeiiieeiiiieecie e 12
3.1 StOrmwWater PIPEIINES ....veeviieiieiiieiieiie ettt et eb e e e sebe e e 12

3.1.1 Pipeline installation..........cccvieiiiiiiiiieiiie ettt 12

3.1.2 Trench eXcavation COSES........couuiiriirriiiniieiieriteeie ettt 14

3.1.3 Bedding COSES ...uviiuiiiiiiiiieiieeieeite ettt ettt ettt st 15

3.2 MANKNOIES ...ttt ettt ettt eneeaes 17

3.3 OPen CRANMNELS ......eiiiieiieeiie et sttt sttt et 19

3.4 PUMP SEALIONS ..eievviieiiieiieeiieiie et erite ettt e et esteeete e st e esbeessaeessaessseesseessseesaessseesseensnas 19

3.5 Pavement and Creation of Impervious Surfaces..........coceeveeriieniienieenienieeeeeeeene 19

3.6 CONCIUSIONS ...ttt ettt ettt ettt et et e sae et et esbeebe st e saeebeeneesneenees 21
Chapter 4 Cost Effectiveness of Stormwater Quality Controls .........ccccvceeververiinenneniencnnennne. 22
4.1 ODbJectiVes Of CONIIOL......cccuiiiiiieeiiie ettt eee et e st e e be e e e b eeesereeesaseeensaeeens 22

4.2 Control Descriptions and Construction COStS........c.eeveeerieenieeiiienieeiieenieeeeeeee e 22

4.2.1 Offline storage-release SYStEIMS ......cueeevuireriiieeiiieeiieeerteeeseeeeereeeaeeeereeesree e 22

4.2.2 SWITl CONCENITALOTS .....euveniiiiiiiiietieite ettt ettt sttt ettt et sbe et st esaeeneeas 23

4.2.3 SCIEEMIS ...ttt ettt ettt ettt e ettt e sttt e sttt e st e e sabe e e st e e e eateeeeaneeeas 24

4.2.4 Sedimentation DASINS ........cceveerierierierienienieete ettt 25

4.2.5 DISINTECTION ....eeitiiiiitiiie ettt ettt ettt ettt e s e e sbeeeaeeesaeeens 25

4.2.6 Best Management PraCtiCES . .....c.eeruueruierierireeriieeteentieeteesteesseesseesseesseesseesseenns 25

4.3 Operation and Maintenance Costs for CONtrols.........ccceeevveeerieeeiieeeiieeeieeeee e 33



Chapter 5 Process-Level Cost EStIMAtiON........cccuieriiiiieriiiiiieiie ettt sve e seee e ene 35

T B O TSI 11 1 | R 35
5.1.1 Calculate the design flows into the drainage system ............ccceeeveeriierveenieennnns 35
5.1.2 Sizing the sewer pipes and their SIOPes.........eevveeerieieciieeiieecie e 45
5.1.3 Sewer system COSt @VAlUATION ........cevuiiriieriieeiieie ettt e 48

5.2 SCENATIO ANALYSIS...eeiiuiiieiiieeitieeeieeeeieeeeeeesteeesreeesaeeesteeeseeesseeessseeessseeessseeensseeenns 50
5.2.1 Management of the demand for iMmperviousness ...........cccvereeeviienieesieenieeieens 52
5.2.2 Management of [and USE .........cccueiviiiiiriiiieiiieeee e 52
5.2.3 Effect of recurrence interval ...........ccccoeviiriiiiieniieiiecieee e 53
5.2.4 Effect of ClIMAte......coouiiiiiiieeee e e 53
5.2.5 Effect of assumed minimum inlet flow time.............cccceeerieiiiienieniiieniecieeees 53
5.2.6 Required minimum depth of COVET ......cuiiiiiiiiiiieieecieeeeeee e 53
5.2.7 Effect of pipe material ...........ccceeiiiiiiiiiiiiiiieieeie e 54
5.2.8 Possible NUMDET Of SCENATIOS .....cuueiuieriiiiiieiiieiie ettt 54

5.3 Results for the Selected SCENATIOS ......c.eevuiieiierieeiieieeieee et 56

5.4 Effect of Uncertainty in the EStImates ..........cceevviiiiiiiieiiieciiceeeee e 57

5.5 Summary and Conclusions 0N SCENATIOS ........ccueeruierieeiiierieeiieeieeieesreeieeereeeeesenes 59

Chapter 6 Cost-Effectiveness of Alternative Micro-storm Management Options............c.ccuee..e. 63

0.1 TNIrOAUCTION. .....eiiiiieiieciie ettt ettt et e et et e et e e bt e enbeessaeenseensaannnas 63

6.2 LIterature REVIEW.......coiiiiiiiiiiiiiiee ettt ettt e 64
6.2.1 Land use/Control OPLIONS........cc.eeriieriieeiieriie et eeit e et siee et e seee et eseaeesseesnaeeaeenes 64
6.2.2 Hydrology in SLAMM ......c.cooiiiiiiiiieie ettt 67
6.2.3 NRCS method and initial abstraction ............ccceecveevieeiienieiciienieeieecre e 67
6.2.4 Costs of controls in Pitt’s WOrK........cooviiiiiiiiiiie 67
6.2.5 Control devices in SLAMM.......cccciiiiiiiiiiieiiieieeeie ettt 69
6.2.6 Limitations Of SLAMM ....cccoiiiiiiiiie e e 69
6.2.7 Low impact deVelOPMENLt...........cccuieruiieiiiiniieiieeie ettt 69

6.3 Proposed APProachi........ccuiieiiiiiiiiecieeceeeee et 69
6.3.1 INLrOAUCTION. ....ouiiiiiiiiieiie ettt ettt et e s te et eesbeessaeenseennneens 69
6.3.2 Hydrologically functional landscaping...........cccceeeeuvieriiieeeiiieeniie e 70
6.3.3 Cost 0Of CN MOdIfICAtIONS ......ccueeeiieiiiiiieiie ettt 70
6.3.4 Land valuation ........coceiiiiiiiiiiee e e 70

6.4 Hypothetical StuAY ATa.......cceevuiiiiiiiiiieiieeie ettt st 77
6.4.1 Study area attribULES. .......eeeciiieiieciieecee et e e e sre e e saee e 78
0.4.2 UNIE COSES wnvvitiintieiiirtieieite sttt ettt ettt ettt sbe e st e e st e bt et estesbeenbesatesaeeneeas 80
6.4.3 Summary of costs for €ach parcel.........cccoecvieeiiieiiiieeie e 90
6.4.4 Summary of costs for each right-0f-way .........cccccoevieriiiiiiiiiieee e, 98

6.5 Estimated cost of BMP CONtIOLS ........oouiiiiiiiiiiiieieee e 98
6.5.1 Determination of runoff volumes using SCS method...........ccccccoveeiiiniiiiiennnnnn 99
6.5.2 Breakdown of calculated volumes per function...........cccceecvveevcieeencieeeniee e, 99
6.5.3 Estimated unit costs of various functional land use options.............cccceeuveneen. 102

6.6 Results of BMP Optimization for Happy ACIES .....ccccveeeiuiieeciiieeieeciee e 105

Chapter 7 Summary and CONCIUSIONS..........ccviriieriieiiieiieeie ettt ettt e sre e eeebeeseneenseens 106
S (S (=) 1 (oL USSP 108

vi



Figures

2-1. Profile view of the vertical alignment of a stormwater System ............cceecueevieerieenieesieennenne 10
2-2. Layout of the 20 pipe stormwater Problem .............cccveeevierieeiiierieeieeie e eve e ees 11
3-1. Cost of StOrm drainage PIPE........eeeerrerreriieriieienienteeteeit et ettt et st e st ete et e saeentesaeesaeennens 14
3-2. Trench eXCaVAtION COSES.....ccitiiiiiiiiriieitie ettt ettt ettt ettt et sab e e bt e st e eeeesaee e 15
3-3. Manbhole costs, as a function of excavation depth..........ccccooiiiiiiiiiiiiini 18
4-1. Construction costs, Off-1iNe STOTAZE. ......cccveeriiiriiieiieiie ettt ettt ereesee e e saeebeeseneas 23
4-2. Construction costs for swirl concentrators, screens, sedimentation basins,

ANA AISINTECTION. ....eiiiiieiiee ettt ettt et e bt et ssee b ete e 24
4-3. Construction cost, detention and retention basins, and off-line surface units. ...................... 27
4-4. Construction cost, infiltration trenches and DaSINS. ......vevveeeiiiiiieeeeeieeee e 29
4-5. Operation and maintenance costs for CSO controls............cocueveeveriiiniinenicnicnencneeeeeen 34
5-1. Study area tOPOZIAPNY ......eeeiieiiieiieiie ettt ettt et et sae et e e b e e e e ebeebeeenbeesaeeeseenne 36
5-2. Study area SEWET NEEWOTK .......cccueiiiriiiiiiiiriieieet sttt ettt et s ae e saeene 37
5-3. Study area land USE ........cccieiiieiiieiiieieeeie ettt ettt e et esaaeebeestbeensaeeeaeenne 39
5-4. Intensity-duration-frequency curves for Boulder, CO.........cccooiviiriininiiniiiiiicicceceen 42
5-5. Intensity-duration-frequency curves for Houston, TX ........cccccocveeviieiiiiiiieniieieenieeieeeeeene 42
5-6. Intensities vs. recurrence interval for Boulder, CO and Houston, TX

fOr @ 20-MIN AUIATION 1.ttt ettt ettt ettt s e nae et 43
5-7. Results of the five design SCENATIOS. .........eeiuiiriiiiiiiiiieiie ettt 58
5-8. Cumulative total cost diStrTDULION. ......cc.eeiiriieiiiiieiieicee e 60
5-9. Tornado plot of uncertainty in SCENATIO. .......eeruerritieriieeiieriie et e ree et see et esiee et e seeeeeeesaeeene 61
6-1. Ilustrative rainfall-runoff relationShip .........ccccuiiiiiiiiiiiieie e 68
6-2. Conventional StOrm draiNage..........coceeeerierieriiniinieieetecee ettt 71
6-3. Illustration of hydrologically functional landscape............ccceeuverieeiienieeiiienieeieeeeeie e 72
6-4. Study area GIS......co.oooiiiiiii ettt 78
6-5. StUAY Qrea SOILS. ....ecviiiiiieiiiiie ettt ettt e b e este e st e e b e e st e ebeesaaeesbeensaeenseenns 79
6-6. Allocation of available storage for initial abstraction and land use. ..........c.ccoeeceeeiieninnen. 102

vil



Tables

2-1. Average Non-Pipe Costs as Percent of Total In-Place Pipe Costs

FOr SANTEATY SEWETS ...ttt ettt ettt et st ae st e bt 7
2-2. Estimated Capital Cost of Storage as a Function of Volume. ............ccccoevvieiieniieeiienieenenee, 8
3-1. Lookup Table for Corrugated Metal Pipe.........ccccooieviiiiniiniiiiiiinicicccceceeeceeee 13
3-2. Lookup Table for Reinforced Concrete Pipe..........cccveeiiiiiiiniieiiieniieiecieeeeeieeee e 13
3-3. Trench Excavation Costs, (Includes Backfill and Blasting)...........cccecoeeviieiiiniiininniinnenne 14
3-4. BeAAING COSS..oeiuriiiiieiiieiieiiietie ettt e ettt e ettt e bt e st e eteessseeseessseesseessseensaessseenseessseenseessseenns 16
3-5. Precast Concrete Manholes COSES........eeviieiiiriiiiiieiiieiiesiie ettt ettt 18
3-6. Capital Costs of Sewage Pump Stations..........cccviiviiiiiiiiieniieeie e 19
37, PAVINE COSES ittt ettt ettt ettt ettt et b bt sa ettt esbe et e et sanesbe et 20
4-1. BMP Pollutant Removal RANGES ...........cccuieviiiiiiiiiiiiieieesie ettt es 32
4-2. An Assessment of Design Robustness Technology for Several BMPs.........ccccccccviininncnne. 33
5-1. Sewer Network Design Hydrology.........c.cecuieriiiiiiiiiieiieriecieesee ettt e 38
5-2. Mix of Land Uses in HAPPY ACIES ....couiruiiriiiiiiiiniieienteriteieet ettt 40
5-3. Imperviousness for Various Land USES.........ccceeviiiiieriieiiienieeieesie et 40
5-4. Runoff Coefficients for Various ATCaS.........ccecieriieiiieriiienieeieeriie ettt ettt et 41
5-5. Comparison of Design Rainfall Intensities for 20-Minute

Duration Storms in Boulder, CO .........ccoviiiiiiiiee et 43
5-6. IDF Curve Parameters for Boulder, CO ... 44
5-7. Sewer Network Design HydrauliCs .......c.cooviiiiiiiiiniiiiiiiiciceeeecece e 46
5-8. Sewer NetWork DesSi@N COSt.....cuuiiiiiieiiiieciie ettt ettt e re e s saee e s e e saee e sesee e 47
5-9. Lookup Table for Corrugated Metal Pipe.........ccoouieiiiiiiiiiiiiieieeieeee e 48
5-10. Lookup Table for Reinforced Concrete Pipe........cocuveevieriiiriieiiieiiecieeieeeeiee e 49
S5-11. EXCAVAION COSES ...ueiiiiiiieiiiietieeite ettt et te ettt e st e et e st e ebeesateebeessseenbeesaseenbeesnseenseesaseenne 49
S5-12. BeAAING COSES...uviiriiiiiiiiieiiieiteeie ettt et e et e et esateeteessbeesaesabeesseessseesseessseenseassseenssessseenns 51
5-13. Summary 0f COSt SCENATIOS .....ecuvirueiiiriiiniiiieeiterte ettt ettt ettt st seeesbeeane 56
6-1. Source Areas i SLAMM .......cooiiiiiiiiiieeee ettt sttt et be et neas 65
6-2. Other Information Needed in @ SOUICE AT@a.........eeeuiiriiiiiiiiiieeiieeie et 65
6-3. Sample SLAMM Output for Toronto, ON, Canada ............ccccueeruieeiienieniiienieeieenie e 66
6-4. Initial Abstraction as a Function of Curve Numbers (CN)........cccceeviieiiiniiienieniieniieeieeiene 70
6-5. Breakdown of the Cost of @ Typical HOUSE.........cceeevvieriiiiiiiiieiiieieceeeeee e 75
6-6. Breakdown of the Cost of Housing in 1984 and 1988 ...........ccoeeiiiiinininiiicceceecee 75
6-7. Estimated HOUSING COSS....ccuuiiiiiriieiiieiieeieerite ettt ettt e bt e saeeteesateenbeeseseenseesnseenne 76
6-8. Right-0f-Way CharacteriSTICS .......uieiiieeiiieeiiieeeieeeeiieeeieeeetee et e e ereesaeeeeaaeesaeeesnseeesnseee e 79
6-9. Lot Characteristics for Residential Parcels...........ccccoocieviiiiiniiniiiiiiinieccceeeeee, 79
6-10. Aggregate Characteristics for Commercial, Apartments, and Schools ............ccccceeeunennnne. 80
6-11. Land Valuation for Medium Density Lot.........ccceeviieriieiiiiiiieiieieeeeeie e 80
6-12. Cost Analysis of Landscaping for Medium Density Lot..........cccccveeviieiniieiiieeiieeeieee 82
6-13. Land Valuation for Low Density Lot .........cccciiiiiiiieiieiiiciieeie ettt 83
6-14. Cost Analysis of Landscaping for Low Density Lot........ccccoeciieriiiieniiieniiecieeceeeeee e 83
6-15. Land Valuation for Commercial ATEaS ..........ccceevueriiriiniiriiniieieeiesieerie ettt 84
6-16. Cost Analysis of Landscaping for Commercial AT€as .........ccccveeevveercrieeriiieenieeeeiee e 84
6-17. Land Valuation for APartments...........cceevieeiiieniieiiienie ettt ettt eiee e eseeesaeeaee e 85

viii



6-18.
6-19.
6-20.
6-21.
6-22.
6-23.
6-24.
6-25.
6-26.
6-27.
6-28.
6-29.
6-30.
6-31.
6-32.
6-33.
6-34.

Cost Analysis of Landscaping for Apartments...........cceeeeveerieeiieenieeeieenieeieeseeeveeseeeeeeens 85
Land Valuation for SChOOIS.........coiiiiiiii e 86
Cost Analysis of Landscaping for SChOOIS.........ccooviieriiiiiiiiii e 86
Costs of Pavement, Curb and Gutter, and SidewalksS.......ccccevvvviiiiiiiiiiiiiieieiieieieeeeee, 87
Cost Analysis for 50 ft Right-Of-Way .......ccccooiiiiiiieiiieee e 88
Cost Analysis for 60 ft Right-Of-Way ........cccoiiriiiiiieecieceeeee e 88
Cost Analysis for 70 ft Right-Of-Way .......ccccociiiiiiieeiieee e &9
Cost Analysis fOr Parking.........ccocuiieiiiiiiiiiieciie ettt 89
Cost Analysis for Sidewalks and Patios ...........ccccueeiiieriiiiiieiieeiieecieeee e 90
Cost ANalySis fOr DITVEWAYS ....ccecuiiiiiiieiiiieeiieesiteertee et e etteeeereesaeeesseeessseeesaseesnseesnneeas 90
Parcel DevelopmeEnt COSES........ciuiiiiiiiiieieeiieeie ettt ettt seeeebe et eeebeeseaeeseesaaeennes 91
Right-0f-Way COStS......uiiiiiiieiiiieeiie ettt tee e e e s aee e st eeessseeennseesnaeeennns 98
SCS Hydrologic Classifications, and Calculation of Unit Storage Values ....................... 100
Calculation of Developed and Predevelopment Stormwater Volumes ............ccccoeeeeeeenee 101
Calculation of Unit Costs for Controls, Including Land Opportunity Costs..................... 103
Calculation of Unit Costs for Controls, Excluding Land Opportunity Costs.................... 104
Range of Costs fOr STOTAZE .......cuiviiiiiiieiieie ettt 105

X



Acknowledgments

This report was prepared for the U.S. Environmental Protection Agency (EPA) Office of
Research and Development by Science Applications International Corporation and its
consultant under EPA Contract No. 68-C7-0011. The project was sponsored by the
National Risk Management Research Laboratory Environmental Engineering Economics
Program.



	Chapter 1 Introduction
	Chapter 2 Cost Estimation Methods - Literature Review
	Chapter 3 Cost Estimates for Stormwater Systems
	Chapter 4 Cost Effectiveness of Stormwater Quality Controls
	Chapter 5 Process - Level Cost Estimation
	Chapter 6 Cost-Effectiveness of Alternative Micro-storm Management Options
	Chapter 7 Summary and Conclusions
	References

